+ with electron acceptor substituents shows a large red-shift to 622 nm. It is noticed that iridium polypyridine complexes show intense emissions at various colors, such as yellow for [IrCl2(dmbpy)2] + and red for [IrCl2(bqn)2] + , which can be applied to photosensitizers. The spectroscopic and electrochemical details are also reported herein.
Introduction
Studies have focused mainly on the photophysical properties of octahedral metal-diimine complexes (ruthenium(II) and osmium(II)) having such ligands as the 2,2′-bipyridine and 1,10-phenanthroline on account of their long-lived excited states and good photoluminescence efficiencies. 1, 2 Recently, a number of groups in relation to the tris-chelate complexes of rhodium and iridium with diimine and cyclometalated ligands have been investigated. 3, 4 Tris-chelate complexes of rhodium and iridium show excited-state lifetimes in the microsecond region. The iridium complexes have intensive phosphorescence states at room temperature, while the rhodium complexes give measurable emission states only at low temperatures. The stronger spin-orbit coupling mixes the singlet and triplet excited states for iridium, leading to efficient phosphorescence. 5, 6 More recently, metal polypyridine complexes have been widely used as building blocks. [7] [8] [9] The occurrence of isomers by the synthetic assembly of mononuclear building blocks is a major problem in the design of supramolecular systems. However, as a third-row transition metal, IrIII is characterized by the great inertness of its coordination sphere, requiring harsh reaction conditions to substitute the chlorine ligands of (NH4) 3 10 In 2000, Yoshikawa et al. reported on the preparation of [IrCl2(phen)2]PF6 by using a microwave oven for 15 min. 11 To design intense emission Ir(III) polypyridine complexes, we thought to obtain bis-polypyridine complexes using ancillary ligands to tune the relative energies of HOMO and LUMO. As a first step toward this goal, we tried to synthesize several Ir(III) complexes with matrixes of a polypyridine ligand because these ligands with both electron-donor and/or electron-acceptor substituents resulted in decreasing the energy of the 3 MLCT state. 12 This report describes the electrochemical behavior as well as the spectroscopic and photophysical properties of [IrCl2L2] + (L: an electron donor ligand or an electron acceptor ligand).
Experimental

Materials
The materials used in the experiments were of analytical reagents grade. The reagents were as follows: ammonium hexachloro iridate(III) ((NH4)3[IrCl6]), hydrated ruthenium trichloride (RuCl3·H2O), 2,2′-bipyridine (bpy, Aldrich), 4,4′-dimethyl-2,2′-bipyridine (dmbpy; Aldrich), 4,4′-diphenyl-2,2′-bipyridine (dpbpy, Aldrich), 1,10-phenanthroline (phen, Aldrich), 4,7-diphenyl-1,10-phenanthroline (dpphen, Aldrich), 2,2′-biquinoline (terpy, Aldrich) and potassium hexafluorophosphate (KPF6, Aldrich). Tetrabutylammonium perchlorate (TBAP, (C4H9)4NClO4, Aldrich) was used as a supporting electrolyte. The acetonitrile used in spectroscopic and electrochemical studies was of spectroscopic grade. 
Electrochemistry
Differential pulse voltammograms (DPV) were measured on a BAS 50W electrochemical analyzer fitted with a three-electrode system consisting of a glassy carbon working electrode, a platinum auxiliary electrode, and an Ag/AgCl reference electrode (0.29 V versus NHE). Experiments were performed at a scan rate of 20 mV/s, a pulse height of 75 mV, and a duration of 50 ms. The solvent used in these studies was high-purity acetonitrile. All of the solutions were bubbled with nitrogen for 20 min prior to each scan and purged with nitrogen during each scan.
Crystallographic data collection and structure determination
Crystals for the X-ray diffraction study were mounted on glass filers. All of the measurements were made on a Rigaku R-AxisRapid Imaging Plate diffractometer with graphitemonochromated Mo Kα radiation. The crystal data and data statistics are summarized in Table 1 . Indexing was performed from 3 oscillations. The camera radius was 127.40 mm. Readout was performed in the 0.100 mm pixel mode.
The structures were solved by direct methods and refined on F 2 by full-matrix least-squares methods, using SHELXL-97. The non-hydrogen atoms were refined anisotropically by the full-matrix least-squares method. All hydrogen atoms were isotropically refined.
Other measurements
Absorption spectra were recorded with a Hitachi U-3010 spectrophotometer. Luminescence studies were made with dilute acetonitrile solutions (10 -6 M) at room temperature using a Hitachi F-2500 spectrofluorimeter. The emission lifetimes were measured in deaerated actonitrile solutions using a Horiba single-photon counting system (NAES-500).
The emission quantum yields for the iridium complexes were determined in CH3CN at room temperature, relatively to a solution containing Ru(bpy)3 3+ and having the same absorbance. The emission quantum yields for the iridium complexes were determined by comparing the integrated emission spectra and using Φem = 0.062 for the standard. 13 
Microwave techniques
Synthesized reactions were undertaken by using a Mitsubishi Electric microwave oven (Model RR-12AF, 500 W, 2450 MHz) on medium-high power in a round-bottom flask fitted with a reflux condenser. 6, 11, 14 
Synthesis of [IrCl2(dmbpy)2]
The desired complex was prepared by a sequential procedure with a ligand replacement. For example, (NH4)3[IrCl6] (0.5 mmol) and 4,4′-dimethyl-2,2′-bipyridine (1.84 g, 1.0 mmol) were mixed in ethylene glycol (15 ml). The suspended mixture was refluxed for 15 min in a microwave oven under a purging nitrogen atmosphere. Next, the mixture was cooled to room temperature. A saturated aqueous solution of KPF6 (20 ml) was added as a counter ion, and a yellow product began to precipitate and was collected by vacuum filtration. The residue was dissolved in a minimal amount of acetone and flash precipitated in diethyl ether. The product was separated by vacuum filtration and dried under a vacuum. The purity of the colored complexes was checked by thin-layer chromatography. 
Results and Discussion
Syntheses
The structure was confirmed by X-ray crystallography, and the ORTEP of 2, viz. [IrCl2(dmbpy)2]PF6 is given as Fig. 2 . Tables 1 and 2 contain crystallographic data and selected channel down the c axis. However, no hydrogen-bonding interactions exist in the crystal structure. 16 The asymmetric unit of the crystal structure of 6 consists of a discrete [IrCl2(bqn)2] + cation and a hexafluorophosphate anion. As illustrated in Fig. 4 , the IrIII atom is located in a distorted octahedral environment, coordinated by two bqn ligands and two chloride anions. The Ir-N bond lengths are in the range of 2.056 (5) 
Electrochemistry of iridium complexes
The typical electrochemical properties of ruthenium(II) polypyridine complexes are metal-centered oxidation and reductions based on each ligand. Namely, the highest occupied molecular orbital (HOMO) is based on the metal center, and the oxidative processes are the metal center in ruthenium polypyridyl complexes. The lowest unoccupied molecular orbital (LUMO) is localized on the polypyridine ligands.
In iridium complexes with terpy and bpy, the lowest unoccupied molecular orbital (LUMO) is localized on the terpy ligand; however, the highest occupied molecular orbital (HOMO) is also based on the terpy ligand. 6 Electrochemical data for complexes 1, 2, and 3 are listed in Table 3 . Complex 1 indicates the first reduction wave at -1.07 V. On the other hand, 2, a complex with an electron-donating ligand, gives the largest negative reduction potential (-1.18 V) and 3, a complex with an electron-withdrawing ligand, exhibits the most positive reduction potential (-1.02 V). From the above observations, the first reduction waves are assigned as bipyridine-centered reductions. 18 In complexes 4, 5 and 6, the first reduction occurred at -1.07, -1.04 and -0.51 V, respectively. The first reduction processes in 4, 5 and 6 can be assigned as phen/phen -, dpphen/dpphen -and bqn/bqn -, having ligand-centered processes, respectively. 18 Using an electronwithdrawing ligand bqn, the first reduction potential in 6 was 580 mV, which anodically shifted when compared to the reduction potential of 1.
The electrochemical data for complexes 4, 5 and 6 are tabulated in Table 3 .
The second reduction wave of 1, 2 and 3 occurred at around -1.28, -1.34 and -1.18. These processes have also been assigned as other polypyridine ligand-centered reductions in the complexes.
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Although the third reduction occurred at around -0.97 to -1.53 V, their detailed assignment is not clear.
In general, ligand effects on the Ru(III/II) couple are well known. Namely, the Ru(III/II) potentials are influenced along with the ligands. Ru(II) is stabilized by the contribution of dπ-π*(L) back bonding in the presence of ligands. On the contrary, as evidenced by the data in Table 3 , the first oxidation potentials of iridium(III) complexes vary when changing the polypyridine ligands. The first oxidation of 3 occurs at the same potential as that of the dpbpy ligand, Thus, the first oxidation at 1.98 V in complex 3 is assigned as a ligand-centered oxidation. The first oxidation potential of 2 was observed as being less positive than that of the dmbpy ligand, which was easy to oxidize by 0.30 V due to the enhanced electron-donating properties of dmbpy to iridium metal upon complex formation. The first oxidations of 4, 5 and 6 were observed at 2.05, 1.97 and 2.03 V, which can be assigned as ligand-centered oxidations.
A cyclic voltammogram of 4 in an acetonitrile solution shows three distinct waves and one irreversible oxidation wave. At a negative potential, the first couples are quasi-reversible and possess variant anodic-to-cathodic peak separations (80 -126 mV) at scan rates of between 25 and 100 mV/s. From a plot of the peak half width as a function of the pulse amplitude in the differential pulse voltammogram of the complex, the number of electrons associated with the first and second reduction peaks is assumed to be 1.
Absorption properties
The electronic absorption spectra for iridium(III) polypyridyl complexes typically contain π-π* and n-π* bands in the ultraviolet region. The electronic absorption spectra for the complexes [IrCl2L2] + are tabulated in Table 4 . Figure 7 shows the electronic absorption spectra of complex 6 and the biquinoline ligand. The absorption band at 257 nm in bqn shows a red-shift to 270 nm in 6 as a consequence of complex formation. The absorption band at 270 nm in 6 has been assigned as a bqn(π)→bqn(π*) transition.
11 Around 350 -500 nm, most of these complexes did show a small peak or a shoulder; for example, 6 exhibited weak absorption bands at 465 nm. The electronic absorption spectra for 1, 2 and 3 are shown in Fig. 8 . The spectra of these iridium bpy and dmbpy and dpbpy systems are remarkably similar to that of the iridium bis-bipyridine system, except that the absorption band at 381 nm shows a slight red-shift to 398 nm and a blue-shift to 378 nm as a result of the electron-donating and electronwithdrawing ligands. The absorption bands at 267 nm in 4 have been assigned as phen(π)→phen(π*) transitions.
The absorption band at 281 nm and 405 nm in 5 has been assigned as dpphen(π)→dpphen(π*) transitions. 11 
Emission properties
One way to probe the lowest-lying excited state is undertaken through emission spectroscopy and excited-state lifetime measurements.
Compound 1 indicates an intense phosphorescence band maximum at λ = 535 nm in a solution at room temperature (excitation wavelength, 318 nm), whereas the complex [IrCl2(dmbpy)2] + with an electron-donating ligand shows a slight blue-shift to 532 nm. Regardless of the electronwithdrawing properties of dpbpy, 3 did not display any redshifted emission. However, in particular, complex 3 with an 715 ANALYTICAL SCIENCES APRIL 2004, VOL. 20 electron-withdrawing ligand shows an intense emission band at 505 nm (Fig. 9 ) and the use of dpbpy as ancillary ligands extends the lifetime (660 ns) of the 3 (π-π*) excited states of the Ir(III) polypyridine complexes. The emission maxima and the excited-state lifetime of the [IrCl2L2] + systems are given in Table 5 .
The emission spectrum of 4 shows one emission band at 529 nm corresponding to the excited state of 3 LC. This result is obtained regardless of whether excitation is performed at 318 or 270 nm.
The emission spectrum can be assigned to phosphorescence from the phen* excited state (Table 5) . 6 The other complexes, [IrCl2(dpphen)2] + and [IrCl2(bqn)2] + , also exhibit an intense luminescence from 543 to 622 nm by excitation at 318 nm in an acetonitrile solution at room temperature. This indicated that electron-withdrawing ligands (dpphen and bqn) stabilize the HOMO and LUMO of the excited state in the complex. 19 
Conclusions
Four useful polypyridine iridium(III) complexes in the form of [IrCl2L2] + were prepared and their spectroscopic and electrochemical properties were investigated. The ligands used were L = 2,2′-bipyridine, 4,4′-dimethyl-2,2′-bipyridine, 4,4′-diphenyl-2,2′-bipyridine, 1,10-phenanthroline, 4,7-diphenyl-1,10-phenanthroline, and 2,2′-biquinoline. Synthetic methods were developed by a sequential ligand-replacement, which occurred in the reaction vessel using a microwave oven. All complexes showed that LUMOs are based on the π-system contribution of the polypyridine ligand for Fig. 9 Fluorescence spectra of complexes 3 (solid line) and 5 (dashed-solid line) in an acetonitrile solution (2.0 × 10 -6 M) at room temperature.
